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• You may not further distribute the material or use it for any profit-making activity or commercial gain • You may freely distribute the URL identifying the publication in the public portal Take down policy If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately and investigate your claim. M a n u s c r i p t Enzymatic synthesis of alkyl glycosides using glycoside hydrolases is well studied, but has yet to 17 reach industrial scale, primarily due to limited yields. Reduced water content should increase 18 yields by limiting the unwanted hydrolytic side reaction. However, previous studies have shown 19 that a reduction in water content surprisingly favors hydrolysis over transglycosylation. In 20 addition, glycoside hydrolases normally require a high degree of hydration to function 21
efficiently. This study compares six enzyme preparation methods to improve resilience and 22 activity of two glycoside hydrolases from Thermotoga neapolitana (TnBgl3B and TnBgl1A) in 23 micro-aqueous hexanol. Indeed, when adsorbed onto Accurel MP-1000 both enzymes 24 increasingly favored transglycosylation over hydrolysis at low hydration, in contrast to freeze-25 dried or untreated enzyme. Additionally, they displayed 17-70x higher reaction rates compared 26 to freeze-dried enzyme at low water activity, while displaying comparable or lower activity for 27 fully hydrated systems. The enzymes were synthesized in 0.5 L cultivations of E. coli BL21 (Novagen) in Erlenmeyer 95 flasks at 37 °C, pH 7 in Luria-Bertania (LB) media containing 100 µg/ml Ampicillin, inoculated 96 with 1 % over night precultures. After reaching an OD 620 of 0.6 TnBgl1A and TnBgl3B gene 97 expression was induced by addition of 0.5 ml 100 mM isopropyl-β-D-1-thiogalactopyranoside 98 (IPTG) and production was continued for 20 h. Cells were harvested by centrifugation for 10 99 min (4 °C, 5500 x g), re-suspended in binding buffer (20 mM imidazole, 20 mM Tris-HCl, 0.75 100 M NaCl, pH 7.5) and lysed by sonication 6 x 3 min at 60 % amplitude and a cycle of 0.5 using a 101 14 mm titanium probe (UP400 S, Dr. Hielscher). Heat treatment (70 °C, 30 min) and 102 centrifugation (30 min, 4 °C, 15000 x g) was used to remove most of the native E.coli proteins 103 before purification by immobilized metal affinity chromatography using an ÄKTA prime system 104 (Amersham Biosciences, Uppsala, Sweden). The protein slurry was applied to a Histrap FF 105 crude column (GE Healthcare) pretreated with 0.1 M Copper (II) sulphate. Bound proteins were 106 eluted using elution buffer (250 mM imidazole, 20 mM Tris-HCl, 0.75 M NaCl, pH 7.5).M a n u s c r i p t 6 Fractions containing protein were pooled and dialyzed against 50 mM citrate phosphate buffer, 108 pH 5.6, over night using a 3500 Da molecular weight cut-off dialysis membrane (Spectrum 109 laboratories, Rancho Dominguez, CA, USA) and stored at -20 °C until use. Purity of the 110 expressed proteins was estimated using SDS-PAGE according to Laemmli [19] . 111
Lyophilisation. 112
The glycosidases were diluted up to 1 ml in 0.1 M citrate phosphate buffer, pH 5.6 to roughly 113 0.25-0.30 mg/ml and centrifuged to remove insoluble residues. The supernatants were 114 immediately frozen at -80 °C and then freeze-dried for 18 h. 115
Surfactant modification. 116
A reverse micellar system was created according to a previously described method [20] . 150 µl 117 suspensions of 0.6-0.85 mg/ml glycosidase in 0.1 M citrate phosphate buffer, pH 5.6 was added 118 to 5 ml 100 mM dioctyl sodium sulfosuccinate (AOT) in 2,2,4-trimethylpentane and shaken 119 vigorously. The trimethylpentane was removed by rotary evaporation and the residue was further 120 dried in a vacuum desiccator. 121
Factorial immobilization test 122
The influence of buffer strength, pH and incubation time for adsorption and covalent 123 immobilization of TnBgl1A and TnBgl3B on the supports listed in sections 2.7 and 2.8 was 124 tested using a 2 3 factorial design. The software Minitab ® (Release 14.1) was used to evaluate the 125 data. Three factors were studied (buffer strength 0.05, 0.15 and 0.25 mM; buffer pH 4, 5.5 and 7 126 and incubation time 1, 7 and 24 h). Two replicates and 4 central points was used giving a total 127 number of 20 runs per enzyme. 128
Adsorption. 129
A c c e p t e d M a n u s c r i p t 7 Both glycosidases were immobilized by adsorption to a hydrophobic support (Accurel MP-1000) 130
and an anion-exchange resin (IRA-400). 7 ml 0.09-0.11 mg/ml enzyme in 0.1 mM citrate 131 phosphate buffer, pH 5.6 was added to 400 mg Accurel MP-1000, which was pre-wetted with 3 132 ml ethanol / g support, and to 400 mg IRA-400, which was pre-washed with 0.1 mM citrate 133 phosphate buffer, pH 5.6. The enzyme and support was incubated on a nutating mixer overnight 134 and thereafter filtered and washed with buffer. Finally, the preparations were dried in a vacuum 135 desiccator. For the MP-1000 support, a milder drying technique previously described by Moore 136 et al. was also evaluated [21] . After removing the aqueous enzyme solution, the support was 137 washed three times with n-propanol, the same volume as the original aqueous solution, set to the 138 desired water activity. This was followed by two washes with the same volume of hexanol, set to 139 the desired water activity. The hexanol was removed immediately prior to addition of substrate. water amount was used to estimate water activity in the transferase reactions. The procedure was 155 repeated using n-propanol, to allow setting the water activity for drying the MP-1000, as 156 described above. AOT modification, 100% protein yields are assumed. Table I also shows the relative specific 207 total activity (hydrolysis and transglycosylation) of pNPG for each enzyme preparation, 208 compared to untreated enzyme in water-saturated hexanol. Amongst the three preparations, both 209 enzymes retain the most activity in water-saturated hexanol when adsorbed onto Acurrel 210 MP1000. However, at high hydration, untreated enzyme still has higher specific activity, which 211 is not the case at lower hydration. 212
3.2.
Improved catalytic 213 activity at low hydration. 214
To determine which enzyme preparation method is most suited for low water activities, 215 transglycosylation reactions were followed at four different hydration states for each enzyme 216 preparation. In the transglycosylation reaction monitored, pNPG is converted into pNP and either 217 glucose or HG, visualized in Figure 1 . Although all of these components were detected using 218 HPLC, formation of HG was used for comparing the different preparation methods. This is 219 primarily since pNP binds to Amberlite IRA-400 (data not shown), and can therefore not be used at a w ≈ 0.7). However, the opposite relation applies at high a w for TnBgl1A, where the freeze-232 dried preparation outcompetes the MP1000 adsorbed preparation, as illustrated in Figure 3 . The 233 figure shows the specific initial formation rates, normalized against the activity of untreated 234 enzyme for each approximate a w , and plotted against the experimentally determined water 235 activities for the untreated enzyme used for normalization. As can be seen in the figure, the trend 236 is the same for TnBgl3B as for TnBgl1A, although the freeze-dried preparation only reached an 237 activity equal to the MP1000 adsorbed TnBgl3B at water saturation. The results emphasize the 238 importance of choosing enzyme treatment based on intended hydration condition. For example, 239
TnBgl1A adsorbed to Accurel MP1000 had 17x higher transglycosylation activity than freeze-240 dried enzyme at the lowest studied a w , but only 0.45x the rate at a w = 0.9. The reason for the 241 higher enzyme activity when adsorbed on Accurel MP1000 is likely due to an improved 242 dispersion of the catalyst and thereby an increased surface accessibility [24] . The additionalM a n u s c r i p t 12 increase in activity when using the propanol drying procedure could be from avoiding the 244 removal of essential water molecules from the protein [21] . 245
Increased ratio of transglycosylation/hydrolysis at low hydration. 246
Previous reports of transglycosylation catalyzed by a wide range of β-glycosidases have shown 247 reduced selectivity (r s /r h ) at low a w [9, 11, 12]. As seen in Figure 4 , this unwanted and counter-248 intuitive trend was observed for untreated, freeze-dried and covalently bound enzyme 249 preparations of both TnBgl1A and TnBgl3B. Nevertheless, for TnBgl3B adsorbed onto Accurel 250 MP1000 the r s /r h ratio was maintained at low hydration. Furthermore, TnBgl1A on Accurel 251 MP1000 even displayed increased selectivity at low water activity. Consequently, we have 252 successfully showed that reduced hydration can be used as means to improve alkyl glycoside 253 yields from transglycosylation catalyzed by TnBgl1A, when immobilized on Accurel MP1000. 254
We believe the, previously observed, reduced selectivity at low hydration for β-glycosidases has 255 been due to detrimental protein-protein interactions when the enzymes are transferred to an 256 organic solvent. Gentle immobilization onto a suitable support can reduce these interactions 257 without introducing new harmful alterations to the enzyme. Why the effects of immobilization 258 are less prominent for TnBgl3B is, however, not clear. 259
Proper enzyme preparation in combination with TnBgl1A mutation N220F. 260
In a previous study, we found that the single mutation N220F of TnBgl1A increased r s /r h 7-fold 261 
